self-reported history of diabetes mellitus. 5 EDTA is a potent metal chelator. 7 Therefore, our preliminary observations were consistent with research supporting an important role for metal-catalyzed oxidation reactions in the development of advanced glycation end-products, 8 mediators of complications of diabetes mellitus. The present report provides greater detail on the effect of EDTA-based chelation therapy on patients with diabetes mellitus who have had a prior MI.
Methods
The detailed methodology of TACT has been published. 5 TACT was a double-blind 2X2 factorial trial in which patients (1708) were randomized to receive 40 infusions of disodium EDTA chelation or placebo and additionally to an oral high-dose vitamin and mineral regimen or oral placebo. This report describes the results of EDTA chelation versus placebo in a prespecified subgroup of patients with diabetes mellitus.
Study Population
Patients were aged ≥50 years and had a history of MI ≥6 weeks before enrollment. Major exclusion criteria were women of childbearing potential, a creatinine level >176.8 μmol/L (2.0 mg/dL), platelet count <100 000 per μL, abnormal liver function studies, blood pressure >160/100 mm Hg, past intolerance to the chelation or vitamin components, chelation therapy within 5 years, or revascularization within 6 months. The study enrolled 1708 patients in 134 sites across the United States and Canada ( Figure 1 ). The median duration of follow-up was 55 months. The institutional review board at each clinical site approved the study, and patients provided written informed consent. A Data and Safety Monitoring Board monitored the study.
Diabetes Mellitus Definition
Our prior report demonstrating a significant interaction (P=0.02) of EDTA therapy with the diagnosis of diabetes mellitus was based on patients' self-reported diagnosis of diabetes mellitus, present in 538 (31.5%) cases. The present analyses broadened the definition of diabetes mellitus to be more consistent with current guidelines. 9 Thus, patients included in the present diabetes mellitus subgroup had selfreported diabetes mellitus, were taking oral or insulin treatment for diabetes mellitus, or had a fasting blood glucose of ≥6.99 mmol/L (126 mg/dL) at the time of enrollment in the study. This led to 633 (37.1%) patients with a diagnosis of diabetes mellitus eligible for analysis. The expansion of the diabetes mellitus definition was approved by the TACT Operations Group before performing the resulting analyses. However, results are also provided for the previously defined group of 538 patients (Tables I-III in the Data Supplement) .
Treatment
The 10-component 500-mL intravenous solution in TACT consisted of 3 g of disodium EDTA, adjusted downward based on estimated glomerular filtration rate; 7 g of ascorbic acid; 2 g of magnesium chloride; B-vitamins; and other components (Table IV in the onlineonly Data Supplement). The placebo solution consisted of 500 mL of normal saline and 1.2% dextrose (2.5 g total). The solution was infused for ≥3 hours through a peripheral intravenous line weekly for 30 weeks and then biweekly to bimonthly to complete 40 infusions.
All patients in the trial received a low-dose vitamin and mineral regimen daily while receiving infusions to prevent depletion by the chelation regimen. 6 Evidence-based post-MI therapy was encouraged and monitored by the Coordinating Centers.
Follow-Up
Patients were seen at the baseline visit and at each infusion visit. Once patients completed the infusion phase, they were followed via quarterly telephone calls, annual clinic visits, and a final visit at the 5-year follow-up or at the end of the study whichever came first. Laboratory evaluations included fasting blood glucose levels at baseline and throughout the infusion phase of the trial and fasting lipids at baseline and before infusion 30.
End Points
The primary end point was a composite of death from any cause, reinfarction, stroke, coronary revascularization, or hospitalization for angina. The principal secondary end point consisted of a composite of cardiovascular death, reinfarction, or stroke. All end point events were reviewed and adjudicated by a clinical events committee blinded to the randomized treatment assignment.
Statistical Analysis
Secure Web-based permuted block randomization was stratified by clinical site (diabetes mellitus was not a stratification factor). Baseline characteristics of patients were descriptively summarized using the median and interquartile range for continuous variables and frequencies and percentages for categorical variables. The characteristics of patients with diabetes mellitus were compared with the patients without diabetes mellitus using the Wilcoxon rank-sum test for continuous variables and the conventional χ 2 test for categorical variables. The Wilcoxon test was also used for comparing treatment groups with respect to the change in fasting blood glucose from baseline to the last infusion measurement. The log-rank test was used for comparing diabetes mellitus versus non-diabetes mellitus and the chelation versus placebo treatment arms with respect to the primary and secondary clinical outcomes. Although patients could experience >1 component of the composite primary and secondary end points, each patient was counted only once in treatment comparison of these end points using the time until the occurrence of their first event. All treatment comparisons were performed using 2-sided significance tests and included all patients in the treatment group to which they were randomized (intention to treat). Cumulative event rates were calculated according to the Kaplan-Meier method. 10 Relative risks were expressed as hazard ratios (HRs) with associated confidence intervals (CIs) and were calculated using the Cox proportional hazards model. 11 The Cox model was also used for assessing a treatment by diabetes mellitus interaction. Although nominal P values for treatment comparisons are reported, conservative Bonferroni-adjusted 12 CIs and P values, adjusted for 9 different subgroup factors, are also reported. Consistent with the overall study report 5 , statistical significance for comparisons of the primary
WhAT IS KnOWn
• EDTA-based chelation infusions have been used for decades to treat atherosclerosis without proof of efficacy.
• The recently-published Trial to Assess Chelation Therapy (TACT) demonstrated a modest improvement in outcomes for patients with post-MI. The prespecified subgroup of patients with self-reported diabetes mellitus showed a particular benefit.
WhAT ThE STUDy ADDS
• Patients with diabetes mellitus, when compared with patients without diabetes mellitus, demonstrated a major reduction in the primary end point, and consistent reductions in the individual components of the primary end point.
• This analysis suggests that novel mechanism to treat atherosclerosis in patients with diabetes mellitus may be at play. 
Sensitivity Analyses
To assess the robustness of study findings in the face of patients that withdrew consent or were lost to follow-up, post hoc sensitivity analyses were performed with imputation of missing outcome data, as previously published. 6 The event rates among patients that withdrew or were lost to follow-up in each treatment group were varied across a broad spectrum and included scenarios that were markedly unfavorable to chelation. These imputed event rates were combined with the observed event rates to assess the treatment effect and the robustness of the findings in the treatment group comparisons.
Results
A total of 1708 patients were enrolled in TACT, of which 633 (37.1%) had diabetes mellitus according to the expanded definition.
Baseline Characteristics of Patients With and Without Diabetes Mellitus
Compared with patients without diabetes mellitus, fasting blood sugar and body mass index were higher in patients with diabetes mellitus (Table 1) . Patients with diabetes mellitus also had a higher prevalence of congestive heart failure, stroke, hypertension, and hypercholesterolemia than patients without diabetes mellitus. There was a particularly high prevalence of peripheral artery disease in patients with diabetes mellitus compared with patients without diabetes mellitus. The proportion of patients who had undergone a coronary revascularization procedure (either coronary artery bypass or percutaneous coronary intervention) was >80% and similar in the 2 groups. Patients with diabetes mellitus were treated more aggressively with blockade of the renin-angiotensin system (73% versus 58%; P<0.001) and β-blockers (75% versus 70%; P=0.012) than patients without diabetes mellitus. Patients with diabetes mellitus had a lower fasting low-density lipoprotein-cholesterol than patients without diabetes mellitus but lower highdensity lipoprotein at study enrollment (Table 1) .
Outcome Events by Diabetes Mellitus Status
When compared with patients without diabetes mellitus, patients with diabetes mellitus were more likely to experience the primary end point (197 *Screened patients not randomized because of inclusion/exclusion criteria, unwillingness to participate, or other reasons. **Among patients who withdrew from the study or were lost to follow-up, 18 met the primary end point before withdrawal or becoming lost. Among the patients who had not experienced an event before withdrawal or becoming lost, 6 were found through search of death registries to have died. All of these events were included in the primary end point analysis. IV indicates intravenous. 
Baseline Characteristics of Patients With Diabetes Mellitus by Infusion Arm
Among patients with diabetes mellitus, 322 were randomized to receive the EDTA chelation-based infusion regimen and 311 received placebo infusions. Baseline characteristics were similar between the treatment groups ( Table 2) .
Fasting Glucose and Diabetes Mellitus Medications During Follow-Up
There was no EDTA-treatment-based difference in fasting blood glucose from baseline to last infusion requiring a blood draw (chelation glucose change from baseline to last follow-up, 1.0 mg/dL [−29, 24] ; placebo, 1.5 mg/dL [−23, 25] ; P=0.64). Among patients with diabetes mellitus who completed 30 infusions and had paired medication data on insulin status at the prerandomization visit and at the 30th infusion (n=429), 101 (23.5%) received insulin for diabetes mellitus management at baseline when compared with 100 (23.3%) patients at the 30th infusion. Among the 438 patients with paired data on oral hypoglycemic status, 282 (64.3%) took oral hypoglycemics at baseline when compared with 272 (62.1%) patients at the 30th infusion. These numbers, which reflect minimal changes in medications for diabetes mellitus, were consistent in the 2 treatment arms.
Outcome Events in Patients With Diabetes Mellitus by Infusion Group
The incidence of the primary end point for an extended follow-up of ≈5 years was significantly lower in the EDTA chelation group when compared with placebo (HR, 0.59; 95% CI, 0.44-0.79; P<0.001), with a 15% absolute decrease in the 5-year Kaplan-Meier primary event rate (Figure 2A ; Table 3 ) and a relative reduction of 41%. The result remained significant after Bonferroni adjustment for multiple subgroups (99.4% CI, 0.39-0.88; adjusted P=0.002). The number needed to treat to prevent a single event over 5 years was 6.5 (95% CI, 4.4-12.7). Rates of the secondary end point in patients with diabetes mellitus were also lower for patients randomized to EDTA chelation (HR, 0.60; 95% CI, 0.39-0.91; P=0.017), with a 5.1% absolute decrease in the 5-year Kaplan-Meier event rate and a relative reduction of 40% ( Figure 3A) . However, this result was not significant after adjusting for multiple subgroups (99.4% CI, 0.32-1.09; adjusted P=0.153). In contrast to the treatment effect observed in patients with diabetes mellitus, patients without diabetes mellitus (n=1075) did not have a treatment effect with regards to the primary end point (HR, 1.02; 95% CI, 0.81-1.28; P=0.877) or the secondary end point (HR, 1.06; 95% CI, 0.74-1.50; Figures 2B and 3B; Table 4 ). There was a significant interaction between diagnosis of diabetes mellitus and EDTA treatment (P for interaction for the primary end point, 0.0037).
Patients with diabetes mellitus randomized to EDTA chelation had a significant reduction in recurrent MI (HR, 0.48; 95% CI, 0.26-0.88; P=0.015; Figure 4A ), in allcause mortality (HR, 0.57; 95% CI, 0.36-0.88; P=0.011; Figure 4B ), and in coronary revascularizations (HR, 0.68; 95% CI, 0.47-0.99; P=0.042). However, after applying the Bonferroni adjustment to these results, they no longer met the criterion for significance. We also analyzed whether patients with diabetes mellitus randomized in chelation sites were more likely to demonstrate a therapeutic benefit of EDTA chelation than patients randomized in conventional sites. The results show the opposite to be the case ( Figure I in the Data Supplement).
Treatment Adherence
Among the subgroup with diabetes mellitus, the median number of infusions received was 40 (25, 40); 73% completed 30 infusions; 61% completed 40 infusions; and 34% discontinued study infusions (n=120 [39%] in the placebo group and n=95 [30%] in the chelation group).
Safety
There were 95 serious adverse events (non-end point events) in the population with diabetes mellitus (56 placebo and 39 active). Adverse events attributable to the study medication led 5.7% to withdraw from the trial (20 placebo and 16 active).
Sensitivity Analyses
As a sensitivity analysis, we assessed the baseline characteristics of the subgroup of patients who withdrew consent (Table V in the Data Supplement). We then assessed how the primary treatment comparison in the subgroup of patients with diabetes mellitus would be affected under a variety of assumptions on the occurrence of primary end point events among the patients who withdrew consent or were lost to follow-up and did not have an end point event before exiting the study (106 consent withdrawals and 9 lost to followup; Table VI in the Data Supplement). To assess robustness of the results, these analyses focused on scenarios in which events among withdrawn or lost patients in the active arm were assumed to occur at a higher rate than withdrawn or lost patients in the placebo arm. For all realistic scenarios, the comparison of the 2 arms remained highly significant even if the relative increase of events among patients in the active arm who withdrew or were lost was as much as 100% higher than among withdrawn or lost patients in the placebo arm. The HR for all scenarios was in the range of 0.60 to 0.80, the P values were very robust, and significance of the treatment effect was maintained, even for imputation scenarios that were very unfavorable to the EDTA chelation arm. Finally, we reported the small number of missing values for baseline characteristics in the overall population (Table VII in the Data Supplement) and in the population with diabetes mellitus (Table VIII in the Data Supplement).
Discussion
The present study of EDTA-based chelation therapy in patients with diabetes and a prior MI demonstrates a 41% (P<0.001) relative reduction in the risk of a combined cardiovascular end point; a reduction in risk of the composite of cardiovascular mortality, nonfatal stroke, or nonfatal MI of 40% (P=0.017); a 52% reduction in recurrent MI (P=0.015); and a reduction in death from any cause of 43% (P=0.011). These findings, if replicable, would have an effect on the health of patients with diabetes mellitus. However, we emphasize that these ACEi indicates angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; BMI, body mass index; CABG, coronary artery bypass graft; HDL, high-density lipoprotein; LDL, low-density lipoprotein; MI, myocardial infarction; and PCI, percutaneous coronary intervention.
*Median, 25th and 75th percentiles are reported for all continuous variables.
results are based on a subgroup of the overall trial, albeit prespecified, and, therefore, must be interpreted with caution.
Although there was a significant interaction of treatment with diabetes mellitus status, we have provided conservatively adjusted CIs and P values to account for the multiplicity of prespecified subgroups. However, even with adjustment, the effect of EDTA chelation therapy in reducing the primary composite end point is highly significant. Although the Bonferroni-adjusted results for the components of the primary end point and for the secondary end point do not meet the nominal criterion for significance, the magnitude of the treatment effect for each major component, including mortality, and for the key secondary end point is remarkably consistent with the primary result. The US Centers for Disease Control and Prevention report that there are >24 million Americans with diabetes mellitus diagnosed and an estimated 6 million more undiagnosed. 13 Minorities are disproportionately affected adding to their burden of disease. 14 In a meta-analysis of almost a million patients, diabetes mellitus was associated with a 2-fold increased risk of vascular death. 15 Diabetes mellitus increases the risk of mortality and cardiovascular events in patients with established cardiovascular disease. 16 This excess risk was demonstrated within our study as well, with a 27% relative increase in risk of the primary end point when compared with the patients without diabetes mellitus and a 56% relative increase in the risk of death. Moreover, patients with diabetes mellitus were more likely to be obese and were more likely to have a history of congestive heart failure, stroke, peripheral artery disease, hypertension, and hypercholesterolemia than those patients without diabetes mellitus. These differences in risk factors, of course, may explain some of the differences in clinical outcomes overall.
Analyses of prespecified subgroups in TACT suggested that patients with diabetes mellitus accrued particular benefit from EDTA-based infusions. 6 The present work expands on those preliminary observations.
In this study, the EDTA-based chelation regimen markedly improved the clinical outcomes of patients with diabetes mellitus, with a number needed to treat to prevent 1 primary end point event over 5 years of 6.5 (95% CI, 4.4-12.7). Thus, the multicomponent EDTA-based chelation regimen demonstrated a robust reduction in events in this subgroup analysis. This has particular relevance when considering that patients were taking standard, evidence-based medications for patients with post-MI, and patients with diabetes mellitus had a median low-density lipoprotein of 83 mg/dL. We found no improvement in glycemia in the diabetes mellitus subgroup. Other mechanisms must underlie these findings.
The benefits of the multicomponent EDTA-based infusions may be mediated through the chelation of metals, thereby reducing direct end-organ toxicity, as well as toxicity mediated through enhanced metal-catalyzed oxidation. Epidemiological studies support the concept that metals, including lead and cadmium, are linked to cardiovascular risk [17] [18] [19] [20] and EDTA chelates both. 21 Clinical trials of patients with advanced chronic kidney disease and chelatable lead, treated with EDTA infusions, have shown preservation of renal function. 22 ,23 Yet these observations do not explain why there is a significant interaction of chelation treatment with diabetes mellitus status.
However, there are hypotheses on specific effects of metals on patients with diabetes mellitus that have been proposed for >20 years. Complications of diabetes mellitus are at least partially mediated through the accumulation of advanced glycation end products and activation of the receptor of advanced glycation end products, 24 with downstream inflammatory cascades. 25, 26 Glycation end-products are created by the nonenzymatic interaction of glucose with proteins, lipids, and nucleic acids. 27 Most advanced glycation end-products require metalcatalyzed oxygen chemistry for their formation. Metals bind to glycation end-products and promote the formation of reactive oxygen species in an autocatalytic reaction. The resultant oxidized end-products accumulate in tissues and promote inflammation and oxidative stress, hallmarks of atherosclerosis. Thus, chelation of metal ions may have particular importance in patients with diabetes mellitus. 28, 29 Interestingly, some medications commonly used in diabetes mellitus may also have chelating properties. [30] [31] [32] The benefits reported here for EDTA chelation potentially support a mechanism linking metal ions to oxidative stress and vascular complications, particularly in patients with diabetes mellitus and certainly merit further study. Of particular, albeit inferential importance is the continued separation of event curves late in the trial, long after infusions have stopped, suggesting that removal of toxic xenobiotic metals may have long-term benefit in these patients.
There remain important limitations of these analyses. First and foremost, although this subgroup analysis was prespecified, subgroup findings, regardless of how robust they appear, must be considered hypothesis generating, rather than conclusive or definitive and must be replicated. Likewise, P values, although nominally significant, must also be interpreted cautiously, particularly as there were multiple subgroups analyzed. Adjusted P values, using the conservative Bonferroni correction, have been displayed for comparison. An unexpectedly high number of patients withdrew consent, including a slightly higher percentage among patients with diabetes mellitus compared with patients without diabetes mellitus, somewhat limiting the events that could be accrued and attributed during follow-up. Given that more placebo patients than chelation patients withdrew consent, however, the bias is conservative. That is, the effect of active treatment is likely underestimated by the analyses presented. We performed sensitivity analyses of patients that withdrew consent, making adverse assumptions as to their outcomes in the active therapy arm, and found that the findings reported here remain robust. Finally, although there are plausible hypotheses on the effects of this therapy, we do not have measurements of the levels of metals, glycation end-products, or oxidative stress to corroborate or refute our hypotheses. Therefore, future studies should be planned and include bioassay assessment of potential pathways to clarify the mechanisms of benefit.
Conclusions
Patients with post-MI diabetes mellitus aged ≥50 years on evidence-based medications demonstrated a marked reduction in cardiovascular events, including total mortality in the unadjusted analyses, with EDTA-based chelation therapy. These findings support the initiation of clinical trials in patients with diabetes mellitus and vascular disease to replicate these findings and define the mechanisms of benefit. However, they do not constitute sufficient evidence to indicate the routine use of chelation therapy for all patients with post-MI diabetes mellitus.
